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Abstract

High strength concrete (HSC), is being increasingly used in a number of building applications, where structural fire safety is one of the

major design considerations. Many research studies clearly indicate that the fire performance of HSC is different from that of normal

strength concrete (NSC) and that HSC may not exhibit same level of performance (as NSC) in fire. This paper discusses the material,

structural and fire characteristics that influence the performance of HSC under fire conditions. Data from earlier experimental and

numerical studies is used to illustrate the impact the concrete (material) mix design and structural detailing (design) has on fire

performance of HSC systems. An understanding of various factors influencing fire performance will aid in developing appropriate

solutions for mitigating spalling and enhancing fire resistance of HSC members.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, the construction industry has shown
significant interest in the use of high strength concrete
(HSC), in applications such as bridges, offshore structures,
and high-rise buildings. This is due to significant economic,
architectural, and structural advantages HSC can provide
compared to conventional, normal strength concrete
(NSC). One of the major uses of HSC in buildings is for
structural framing consisting of beams and columns, which
are the primary load-bearing components, and hence, the
provision of appropriate fire safety measures is a main
safety requirement in building design. With the increased
use of HSC, concern has developed regarding the
behaviour of such concrete’s in fire. In particular, the
occurrence of spalling at elevated temperatures, as ob-
served in studies carried out in a number of laboratories,
was a reason for this concern [1–6].

Building codes generally specify fire resistance require-
ments for structural members. In North America, concrete
e front matter r 2007 Elsevier Ltd. All rights reserved.
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structures are to be designed in accordance with the ACI
standard [7] in USA and the CSA standard [8] in Canada.
The recent edition of the standards contains detailed
specifications on the design of HSC structural members;
however, there are no guidelines for the fire resistance
design of HSC structural members either in CSA standard
[8] or the ACI standards [7,9].
Generally, concrete structural members (mainly NSC)

exhibit good performance under fire situations. However,
results from a number of studies [1–6,10–12] have shown
that there are well-defined differences between the proper-
ties of HSC and NSC at high temperatures. Further,
concern has developed regarding the occurrence of
explosive spalling when HSC is subjected to rapid heating,
as in the case of a fire [4,5,11].
Tracing the fire response of HSC structural system

requires the use of accurate numerical models that properly
account for material characteristics (including spalling) and
structural response under real fire exposure scenarios. In
the last few years there has been limited number of studies
on the fire behaviour of HSC. Most of these studies focused
on either material response—on small scale HSC cylinders
tests, or on structural response—mainly on HSC columns.
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There have been no studies that integrated the material and
structural response of HSC. In this paper, based on a
detailed literature review, the fire behaviour of HSC is
examined from material level to structural level.
A discussion on the various factors that influence spalling
and fire endurance of HSC members is presented. The
effect of various factors on fire performance will help in
developing solutions for mitigating spalling and enhancing
fire endurance of HSC structural members. Such solutions
are very critical for updating design standards including
ACI 216 [9].
2. Concrete and fire

Structural members are to be designed to satisfy the
requirements of serviceability and safety limit states for
various environmental conditions. Fire represents one of
the most severe conditions and hence the provision of
appropriate fire safety measures for structural members is a
major safety requirement in building design. The basis for
this requirement can be attributed to the fact that, when
other measures for containing the fire fail, structural
integrity is the last line of defence.

Generally, concrete structural members (traditionally
used to be made of NSC) exhibit good performance under
fire situations. Studies show, however, that the behaviour
of HSC, when exposed to fire scenarios, is different from
that of NSC and may not exhibit same level of
performance as that of NSC. Further, the spalling of
concrete under fire conditions is one of the major
concerns due to the low porosity (permeability) in HSC.
The spalling of concrete exposed to fire has been observed
under laboratory and real fire conditions [2,5,11,13].
Spalling, which results in the rapid loss of concrete
during a fire, exposes deeper layers of concrete to fire
temperatures, thereby increasing the rate of transmission of
heat to the inner layers of the member, including the
reinforcement.

It has been proposed that spalling is caused by the build-
up of pore pressure during heating. HSC is believed to be
more susceptible to this pressure build-up because of its
low permeability compared to NSC. The extremely high
water vapour pressure, generated during exposure to fire,
cannot escape due to the high density of HSC and this
pressure often reaches the saturation vapour pressure. At
300 �C, the pressure reaches about 8MPa. Such internal
pressures are often too high to be resisted by the HSC mix
having a tensile strength of about 5MPa [2].

Data from various studies [10,11,14] show that the fire
behaviour of HSC, in general, and spalling in particular, is
affected by a number of factors. However, in many of the
earlier studies, the focus is entirely based either on material
characteristics or on structural considerations. In this
paper, a holistic approach is used to discuss the effect of
various parameters on the fire performance of HSC
members.
3. Factors governing fire performance

The fire resistance of a structural member is dependent
on the geometry, the materials used in construction, the
load intensity and the characteristics of the fire exposure
itself. Fire endurance of HSC members depend not only on
the extent of spalling but also on the rate of loss of strength
in concrete. Further, achieving required fire endurance in
HSC member through improved design, rather than
through external fire protection, will enhance the cost-
effectiveness and aesthetics of the overall structural system.
A review of the literature indicates that the main aim of

many researchers was to explore measures for mitigating
spalling in HSC [2,4–6,10]. Often, these measures were
based on very limited fire tests on small-scale specimens
[2,10]. The focus of the current paper is to compile
information from previous studies and to evaluate the
overall fire endurance of HSC members, which depends not
only on the extent of spalling but also on the overall
behaviour of HSC member in fire.
Data from various studies carried out in a number of

organizations worldwide [3–6,12–14], clearly show that fire
performance of HSC, in general, and spalling in particular,
is complex and is affected by a number of factors.
However, to achieve an optimum design a holistic
approach has to be adopted where in the behaviour at
both material and structural levels have to be considered.
With this approach in mind, and based on the analysis of
model predictions, test data, and the visual observations
made during and after the fire tests, the factors that
influence the fire performance of HSC structural members
can be broadly classified into three categories: namely, fire
characteristics, material characteristics (including the
production process and finishing) and structural character-
istics. These factors are briefly discussed below.

3.1. Fire characteristics

The type of fire, the fire size and heat output, has
significant influence on the fire performance of a concrete
structural system. The high rate of temperature rise can
induce spalling in concrete members. This is mainly due to
high temperature gradients that develop within a cross
section, which in turn increases the pore pressure generated
in the concrete. This effect can lead to significant spalling in
HSC members. In many of the fire tests, undertaken under
hydrocarbon fires, high rate of spalling was observed and
this spalling started within the first few minutes of fire
exposure [4,5]. This can be explained by the fact that the
temperatures attained in the hydrocarbon fire is about
815 �C in the first 3min of fire exposure, as opposed to
about 490 �C in typical ASTM E-119 fire. Thus, higher
temperature gradients develop under hydrocarbon fires
very quickly once the fire starts.
Much of the current fire provisions contained in codes

and standards are based on (standard ASTM-E119 or
similar) fire scenarios, which represents typical building
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fires. These provisions may not be directly applicable to
fires resulting in infrastructure projects such as offshore
structures, and tunnels due to a wide range of differences in
fire characteristics. These fires, often referred to as
hydrocarbon fires, typically represented by ASTM-E1529
Standard fire, are much more severe (than building fires)
and are characterized by fast heating rates or high fire
intensities. In Fig. 1, the time-temperature curves from two
standard tests and a typical building fire based on
temperature measurements acquired in experiments invol-
ving office furnishing conducted by DeCicco et al. [15], are
compared. Temperature development in a fire, where
hydrocarbons might be present, is likely to be closer to
the ASTM E-1529 curve. Thus, the fire in infrastructure
projects is likely to be much more intense than typical
building fires and can reach very high temperatures within
the first few minutes of fire exposure. This will lead to
increased thermal stresses and higher probability of
spalling. Hence, proper attention should be given to
spalling mitigation techniques when HSC structural
members are used in applications involving scenarios
where a hydrocarbon fire might result.

3.2. Material characteristics

The behaviour of a concrete structural member exposed
to fire is dependent, in part, on thermal and mechanical
properties of concrete of which the member is composed.
Similar to other materials the thermo-physical and
mechanical properties of concrete change substantially
within the temperature range associated with building fires.
These properties vary as a function of temperature and
depend on the composition and characteristics of concrete.
The strength of concrete has significant influence on the
properties of HSC at both room and high temperatures.
This variation of properties at elevated temperatures is
more pronounced for mechanical properties, which are
affected by strength, moisture content, density, heating
rate, amount of silica fume and porosity. Based on
the review of previous fire resistance studies, the
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Fig. 1. Time–temperature curves from two standard tests and temperature

measurements in a typical building [15].
following factors have significant influence on the fire
performance of HSC.

3.2.1. Concrete strength

Results from a number of fire resistance tests show that
strength of concrete has significant influence on fire
performance of concrete members. The higher the strength,
or the associated lower permeability, the higher will be the
probability of spalling. Further, the loss of strength with
temperature is higher for HSC as compared to NSC.
A comparison of the variation of strength for HSC and
NSC is shown in Fig. 2 as a function of temperature [1]. It
can be seen that the rate of loss of strength is higher (and
significant) for HSC over the entire temperature range. In
addition, the fire-induced spalling of HSC is significantly
higher than that for NSC. Based on full-scale fire tests on
loaded columns, the spalling performance of NSC columns
has been compared with that of HSC columns in a number
of studies [11,13]. In majority of these studies, the spalling
was quite significant in the HSC columns as compared to
NSC columns. While it is hard to specify the exact strength
range, based on the available information, concrete
strengths higher than 70MPa are more susceptible to
spalling and may result in lower fire resistance.

3.2.2. Silica fume

Results from fire endurance tests on HSC columns [16]
clearly indicate that silica fume, and associated concrete
strength, has an influence on fire endurance. Based on fire
resistance tests, while for NSC columns (concrete strength
of about 40MPa) a fire endurance of about 6 h was
obtained [3], for HSC columns (concrete strength of about
114MPa), with similar confinement, fire endurance of only
about 4 h was obtained [11,16]. In these tests, the extent of
spalling was very significant in columns with high silica
fume content (about 15%). The higher silica fume, and
associated compressive strength, increases the extent of
spalling, due to increased compactivity, and leads to
decreased fire endurance. This could be attributed to the
fact that the addition of silica fume appears to reduce the
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Fig. 3. Axial deformation for HSC and NSC columns [3].
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permeability of the concrete, restricting the loss of moisture
during curing, drying, and the fire test. Further research is
needed to quantify the exact extent of silica fume on
spalling and fire endurance of HSC members.

3.2.3. Concrete moisture content

The moisture content, expressed in terms of relative
humidity (RH), influences the extent of spalling. Higher
RH levels lead to greater spalling. Fire-resistance tests on
full-scale HSC columns and HSC blocks have shown that
significant spalling occurs when the RH is higher than 80%
[5,11]. The time required to attain an acceptable RH level
(below 75%) in HSC structural members is longer than
that required for NSC structural members because of the
low permeability of HSC. In some cases, such as in
offshore structures, RH levels can remain high throughout
the life of the structure and should therefore be accounted
for in design [5]. It should be clearly noted that the initial
saturation degree is also important, as in the case of RH
level, since for dense concrete it takes ages to reach a
moisture content in equilibrium with the environment.

3.2.4. Concrete density

The effect of concrete density was studied by means of
fire tests on normal-density (made with normal-weight
aggregate) and lightweight (made with lightweight aggre-
gate) HSC blocks [5]. The extent of spalling was found to
be much greater when lightweight aggregate is used. This is
mainly because the lightweight aggregate contains more
free moisture, which creates higher vapour pressure under
fire exposures. However, it should be noted that the extent
of spalling is also dependent on the initial saturation
degree.

3.2.5. Fibre reinforcement

Studies show that the addition of polypropylene fibres
minimizes spalling in HSC members under fire conditions
[4,6,13]. One of the most accepted theories on this is that by
melting at a relatively low temperature of 170 �C, the
polypropylene fibres create ‘‘channels’’ for the steam
pressure within the concrete to escape, thus preventing
the small ‘‘explosions’’ that cause spalling. The amount of
polypropylene fibres needed to minimize spalling is about
0.1–0.15% (by volume) [4–6,17]. In some studies, addition
of steel fibres was found to be beneficial in enhancing fire
endurance of HSC column [13]. The presence of steel fibres
increases the tensile strength of concrete, at high tempera-
tures, and thus reduces spalling and enhances fire resistance
[13,17]. Also, the increased deformation capacity from the
addition of steel fibres contributes to minimising spalling.

3.2.6. Type of aggregate

Of the two commonly used aggregates, carbonate
aggregate (predominantly limestone) provides higher fire
resistance and better spalling resistance in concrete than
does siliceous aggregate (predominantly quartz). This is
mainly because carbonate aggregate has a substantially
higher heat capacity (specific heat), which is beneficial in
preventing spalling. This increase in specific heat is likely
caused by an endothermic reaction that occurs due to
dissociation of the dolomite in the carbonate concrete.
Other factors that contribute to enhanced fire resistance
properties in carbonate aggregate concrete include
strength, ductility, the thermal expansion and the thermal
stability. In general the fire endurance of HSC columns
made with carbonate aggregate concrete is about 10%
higher than HSC columns made with siliceous aggregate
concrete [11–13].

3.3. Structural features

The structural behaviour of concrete under fire condi-
tions can be gauged from various fire resistance tests on
reinforced concrete (RC) columns. Fig. 3 illustrates the
typical structural behaviour of an HSC column as
compared to NSC column [3]. In this figure the variation
of axial deformation with time is compared for NSC and
HSC columns. It can be seen from the figure that the
behaviour of the HSC column was different from that of
the NSC column and the fire resistance of HSC column to
be lower than that of NSC column. There is significant
contraction in the NSC column leading to gradual ductile
failure. However, in the case of the HSC column the
deformation is significantly lower than that of the NSC
column and the contraction of the HSC column is much
lower. This can be attributed to the fact that HSC becomes
brittle at elevated temperatures and the strain attained at
any stress level is lower than that attained in NSC for any
given temperature [3,11]. Data from previous studies are
used to quantify the structural features that contribute to
spalling and to the overall fire resistance of HSC members.

3.3.1. Specimen dimensions

A review of the literature shows that the risk of explosive
thermal spalling increases with specimen size. This is due to
the fact that specimen size is directly related to heat
and moisture transport through the structure, as well
as the capacity of larger structures to store more energy.
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Therefore, careful consideration must be given to the size
of specimens when evaluating the spalling problem; fire
tests are often conducted on small-scale specimens, which
can give misleading results. However, when spalling
mitigation measures are incorporated, the risk of explosive
spalling decreases and fire resistance increases with the size
of the members. Also, similar cover thickness to reinforce-
ment, as in the case for NSC columns, based on structural
(corrosion) considerations should be provided for HSC
columns.
Fig. 5. Comparison of spalling in HSC c

Fig. 4. Conventional and modified tie configuration for reinforced

concrete columns [12]: (a) conventional tie configuration; (b) modified

tie configuration.
3.3.2. Lateral reinforcement

Results from fire resistance studies clearly show that the
layout of ties and confinement of columns have an
influence on the fire performance of HSC columns. Higher
fire endurance in HSC columns can be achieved by
providing improved tie configuration (provision of bent
ties at 135� back into the core of the column and increased
lateral reinforcement) and with closer tie spacing (at 0.75
times that required for NSC columns). Fig. 4 shows a
conventional and modified tie configuration for HSC
column. The provision of cross ties also improves fire
endurance [11,16]. These improved tie provisions also
minimize the extent of spalling in HSC columns. This
increased fire endurance and reduced spalling are mainly
due to ties holding the longitudinal rebars, firmly in place,
under fire exposure conditions. This mechanism helps to
minimize the movement and buckling of longitudinal bars
which in turn reduces the strains induced in concrete.
Fig. 5 show photographs of the column specimens, with

conventional and improved tie configuration, after the fire
resistance test as reported by Kodur and McGrath [11].
The extent of spalling in columns, with bent ties config-
uration, was relatively less compared to that in columns
without bent tie configuration. Columns containing only
90� ties would typically lose a significant portion of the
columns section upon failure. Columns using 135� ties
would exhibit the classic pyramid compression failure
olumns after fire resistance tests [11].
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section with the failed section being confined locally to one
or two tie spacing.

3.3.3. Degree of restraint

The degree of restraint, during fire exposure conditions,
influences the extent of spalling and fire endurance to some
extent. The analysis of the test results shows that increasing
the degree of restraint increases the generation of forces in
the column [14]. However, the forces generated are not very
significant when compared to overall column strength.
Further, the generated restraint forces in HSC columns
were very close to those generated in NSC columns. It
should be noted the effect of restraint forces can be
significant (may add up to 40%) in the case of beams.
However, there is not much test data on this parameter.

3.3.4. Load intensity and type

The type of load and its intensity have significant
influence on spalling and the resulting fire resistance. The
fire endurance of a RC column increases with a decreasing
load. A higher load intensity leads to lower fire resistance,
since the loss of strength with a rise in temperature is
greater for HSC than for NSC. This has been confirmed
through number of fire tests where a loaded HSC structural
member was more susceptible to higher spalling than an
unloaded member [11–14,16]. This is specially true in
columns with conventional tie configuration and subjected
to loads greater than service loads. This occurs because a
loaded structural member is subjected to stresses due to
load in addition to the pore pressure generated by steam.
Further, the extent of spalling is higher if the load is of an
eccentric (or bending) type since this will induce additional
tensile stresses [11].

4. Design implications

High-strength concrete is a high-performing material
that offers a number of advantages. In recent years
significant research has been undertaken to study the fire
behaviour of HSC members and to quantify the factors
influencing their spalling and fire endurance. However, to
date there are no specific guidelines in codes and standards
for the fire resistance design of HSC structural members.
Some of the preliminary guidelines present in design
standards such as (EN 1992-1-2, Eurocode 2: Part 1.2:
design of concrete structures, structural fire design) may
need to be fine tuned by including many of the factors
discussed above.

As illustrated above, enhancing fire performance of HSC
requires proper measures to be considered in the mix-
design and in structural design stages. By adopting
appropriate measures both at material and structural level,
spalling in HSC can be minimized and fire endurance can
be enhanced even for concrete strength as high as 110 MPa.
While this has been shown through limited fire tests, at
present there is no understanding or broad guidelines on
the measures needed to address fire problems of HSC.
Development of fire resistance design guidelines for HSC
members requires detailed numerical modelling studies and
quantification of the extent of influence of various factors
on spalling and fire resistance. Such models should account
for many of the above mentioned factors in tracing the fire
performance of HSC members.
5. Summary

HSC is a high-performing material and offers a number
of benefits over NSC. However, there is a concern on the
occurrence of spalling and lower fire endurance of HSC (as
compared to NSC). The fire characteristics, concrete mix
properties and structural design features have an influence
on the fire performance (both spalling and fire endurance)
of HSC columns. The fire intensity, fire size and heat
output, and rate of heating influence the degree of spalling
and fire endurance duration of HSC members. The main
parameters that influence fire performance of HSC at
material level are: concrete strength, silica fume, concrete
moisture content, concrete density, fibre reinforcement,
and type of aggregate. At the structural level, tie spacing,
confinement, tie configuration, load levels and size of the
members play an important role in determining fire
endurance. By adopting proper guidelines, both at material
and structural levels, spalling in HSC members can be
minimized to a significant extent and fire endurance can be
enhanced. Adding polypropylene fibres to concrete mix is
much more effective in minimising spalling in HSC under
hydrocarbon fires. Similarly, under building fire exposure,
using bent tie configuration for lateral reinforcement in
HSC columns is very effective in minimizing spalling and
enhancing fire endurance.
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